Abstract Equol is a daidzein (a phytoestrogen isoflavone) metabolite of gut bacteria, and the ability to produce equol varies between individuals and reduces the risks of several diseases. We tested the effects of equol production on health in Koreans and identified the genetic factors that determine the equol-producing phenotype. In 1391 subjects, the equol-producing phenotype was determined, based on measurements of serum equol concentrations. The anthropometric and blood biochemical measurements between equol producers and nonproducers were analyzed by LC-MS/MS. Genetic factors were identified in a genomewide association study (GWAS), and the interaction between genetic factors and the equol-producing phenotype was examined. We observed that 70.1 % of the study population produced equol. Blood pressure was significantly lower in equol producers (beta ± SE = -1.35 ± 0.67, p = 0.045). In our genomewide association study, we identified 5 single-nucleotide polymorphisms (p \ 1 9 10 -5 ) in HACE1. The most significant SNP was rs6927608, and individuals with a minor allele of rs6927608 did not produce equol (odds ratio = 0.57 (95 % CI 0.45-0.72), p value = 2.5 9 10 -6 ). Notably, the interaction between equol production and the rs6927608 HACE1 SNP was significantly associated with systolic blood pressure (p value = 1.3 9 10 4 ). Equol production is linked to blood pressure, and HACE1, identified in our (GWAS), might be a determinant of the equol-producing phenotype.
Introduction
Asians regularly consume soy-containing foods, such as tofu, doenjang soup, and cheonggukjang (Kwon et al. 2010; Song et al. 2006) , and have a lower rate of cardiovascular disease and certain types of cancers than Western populations (DellaPenna 1999; Sakar and Li 2002; reviewed in Andres et al. 2011) . However, the mechanisms by which these benefits are effected are unknown-benefits, however, have been debated, as demonstrated by the controversial effects of isoflavone on bone density in postmenopausal women (Ma et al. 2008; Brink et al. 2008; Alekel et al. 2010) .
Soy-based foods contain bioactive compounds, such as isoflavones (genistein, daidzein, and glycitein) (Setchell 1998) . Daidzein can be metabolized by intestinal bacteria to equol (reviewed in Rowland et al. 1999 and Atkinson et al. 2005) . Notably, daidzein metabolism differs between individuals, contributing to variations in isoflavone profiles (Heinonen et al. 1999) . Daidzein-metabolizing phenotypes are divided into two groups: equol producers and nonproducers (Setchell et al. 2002) . The prevalence of equol producers among Western adults is 20 to 35 % compared with 50 to 55 % among Asian adults (Yuan et al. 2007 ); a Korean study has reported a rate of 59 % (Akaza et al. 2004) .
Recent studies indicate that daidzein-metabolizing phenotypes are associated with risk biomarkers for several diseases (Atkinson et al. 2004a, b) . In a Chinese report, the prevalence of equol producers was lower in breast cancer cases than controls (Dai et al. 2002) . Three prostate casecontrol studies in Japanese and Koreans have suggested that serum equol levels correlate with a lower risk of prostate cancer (Akaza et al. 2002 (Akaza et al. , 2004 Ozasa et al. 2004) . Additionally, based on its antioxidant and antiinflammatory activities, as shown in in vitro studies, equol is linked to atherosclerosis and cardiovascular disease (Setchell and Clerici 2010 as a review) . Yet, controversy remains over whether there is any advantage in producing equol as a consequence of soy isoflavone intakes.
Interindividual differences in daidzein-metabolizing phenotypes are attributed to disparities in the gut microbial environment (Atkinson et al. 2004a) . Host defense systems must distinguish commensal organisms from episodic pathogens and regulate the ensuing responses precisely (O'Hara and Shanahan 2006) . Thus, it is conceivable that daidzein-metabolizing phenotypes are governed tightly by the host defense system, and equol synthesis from daidzein might be regulated by intestinal equol-producing bacteria. In this study, we hypothesized that host genetic factors influence the ability to develop and maintain daidzeinmetabolizing bacteria and that the resulting equol modulates the host health index.
To examine the relationship between equol production and host health, 1391 samples from a general populationbased cohort were analyzed with regard to equol production, based on serum equol concentrations in fasting blood samples. We also compared the demographic anthropometric characteristics and blood biochemistry phenotypes between equol producers and nonproducers. We identified host genetic factors of the equol-producing phenotype using high-throughput SNP chip data and analyzed their association with host defense, providing evidence of the interaction between genetic factors and equol phenotypes, which contributes to health-related outcomes, such as blood pressure.
Materials and methods

Study participants
Study subjects were selected from an ongoing populationbased cohort, as part of the Korean Genome and Epidemiology Study (KoGES). Participants were recruited from residents in two cities (Ansung and Ansan) in Gyeonggi-do province, Korea. We enrolled 10,038 men and women from 2001 to 2002 for a baseline study, whose demographics have been reported (Ko et al. 2011) . From this cohort, we selected 1391 healthy adults who had never been diagnosed with any chronic disease, including cancer, diabetes, and hypertension, at baseline enrollment to measure serum equol levels. The study was approved by the Institutional Review Board of the Korea National Institute of Health, and all participants provided informed consent for participation.
All participants were questioned by trained interviewers, and general information including age, gender, smoking habits, and alcohol consumption was collected through a questionnaire. In addition, the participants' anthropometric characteristics (blood pressure, weight, height, hip circumference, waist circumference) were measured. Tenmilliliter samples of fasting venous blood was collected in a plain tube. The serum was separated by centrifugation at 3000 rpm for 10 min at 4°C and stored in liquid nitrogen. Biochemical parameters were measured, including fasting serum glucose, fasting serum insulin, total cholesterol, triglyceride, and HDL cholesterol.
Serum equol measurement
Equol was measured by NEODIN Medical Institute inc., Seoul, Korea, by liquid chromatography/tandem mass spectrometry (LC-MS/MS). The samples were prepared, and equol was measured per Grace et al. (2003) . There was a patent binomial distribution in equol concentrations (Supplementary Figure 1) , and the estimated limit of detection (LOD) was 0.068 lg/L. Thus, equol producers and nonproducers were distinguished based on the LOD, as established in a study of Korean subjects (Akaza et al. 2004 ).
Genotypes
Genomic DNA was extracted from the peripheral blood of participants using RBC, cell, and protein lysis solutions (INTRON biotechnology, Gyunggi-do, Korea) per the manufacturer's instructions. DNA concentration and purity were measured on a NanoDrop spectrophotometer (Thermo, Wilmington, DE) , and the integrity of genomic DNA was assessed by agarose gel electrophoresis. DNA was genotyped using the affymetrix genomewide human SNP array 5.0 at final concentrations of 100 lg/ml and 500 ng (Affymetrix, Inc., Santa Clara, CA). The quality control steps have been described (Cho et al. 2009; Rabbee and Speed 2006) . Briefly, SNPs with a missing genotype call rate [0.1, minor allele frequency \0.01, and HardyWeinberg equilibrium (HWE) (p \ 1 9 10 -6 ) were excluded; ultimately, we used 333,651 SNPs that were genotyped in the Korean association resource (KARE) study (Cho et al. 2009 ).
Statistical analysis
The demographic, anthropometric, and blood biochemical properties between equol producers and nonproducers were compared by v 2 and t tests. Mean differences between producers and nonproducers were analyzed by multiple linear regression, controlling for area, sex, age, and smoking and alcohol consumption. The GWAS on equol producers and nonproducers was performed by logistic regression, controlling for covariates such as area, age, and sex. SNPs that had a p value \1 9 10 -5 were selected, and the interactions between genotype and the equol-producing phenotype were examined with regard to anthropometric and blood biochemical parameters. A general linear analysis model with type III sum of squares was used to test the interactions.
Statistical analyses were performed using PLINK, version 1.07, using default options (Purcell et al. 2007) , and SAS version 9.0. Trait-associated SNPs were analyzed with regard to transcription factor binding sites (TFBS) using TFSEARCH (http://www.cbrc.jp/research/db/TFSEARCH. html).
Results
Comparison of characteristics between equol producers and nonproducers
Serum equol concentrations in the 1391 subjects ranged from 0.03 to 3548.26 lg/L. The estimated LOD was 0.068 lg/L, below which patients were considered equol nonproducers. Thus, there were 416 equol nonproducers and 975 equol producers (70.1 %).
Our subjects came from two community-based cohorts (Ansung and Ansan); the rate of equol producers was higher in Ansan (75 %) than in Ansung (57 %). The mean age of equol producers (51.6 ± 8.4 years) was lower than that of nonproducers (52.9 ± 8.3 years). Seventy-five percent of men were equol producers versus 65 % of women. In addition, the rates of equol producers were higher in current drinkers (73 %) and current smokers (72 %) than in those who never drank (66 %) or smoked (67 %). Table 1 shows our analysis of area, age, gender, smoking, and alcohol consumption as covariates.
The anthropometric, glucose, and lipid indices are shown in Table 1 . The equol-producing phenotype was significantly associated with lower pulse, systolic and diastolic blood pressure, and greater height by student t test (two-tailed p values \0.05) compared with the equol nonproducer phenotype. By linear regression, diastolic blood pressure correlated significantly with equol production (beta ± SE = -1.35 ± 0.67, p value = 0.045), after adjusting for area, age, and sex. Further analysis, adjusting for smoking and alcohol consumption, showed that these factors had no influence on the association between diastolic blood pressure and the equol-producing phenotype. The significant correlation between the equol phenotype and height could be attributed to the gender or age distribution in the study population, because the significance declined by linear regression after adjusting for age and sex (Table 1) .
Genomewide association study of the equol-producing phenotype
To identify genetic factors of the equol-producing phenotype, we performed a GWAS. The association p values are shown in a Manhattan plot (Supplementary Figure 1) , which displays the minus log 10 -transformed p values on the chromosomal position of each SNP. There was no SNP that satisfied the genomewide level of significance (p value \5 9 10 -8 ), likely due to our small sample size or the complexity of the impact of host genetic factors on the maintenance of equol-producing bacterial species.
By establishing a moderate level of significance (p value \1 9 10 -5 ) to avoid type II errors and screening genetic variants that had small effects on the trait, we identified five signals (marked by circles in Fig. 1 and listed in Table 2 ), all of which were clustered in the 6q21 region, encompassing an E3 ubiquitin-protein ligase-coding gene (HACE1) (Fig. 2) . The r 2 value of the five SNPs exceeded 0.95, indicating that they were in strong linkage disequilibrium (LD), excluding the possibility of sporadic association. The most significant SNP was rs6927608A [ C, and individuals with this minor allele were equol nonproducers (OR = 0.57, CI 0.45-0.72; p value = 2.5 9 10 -6 ), suggesting that individuals with the minor allele are unable to produce equol from daidzein, possibly due to the HACE1-mediated absence of equol-producing bacteria in their intestinal microflora.
We surveyed transcription factor binding sites around the SNPs, as shown in Table 2 . Although the most significant SNP (rs6927608) did not lie in a transcription factor binding site (TFBS), one of the significant SNPs (rs17065302C [ G, Table 2 ), strongly linked to rs6927608, was found in an activator protein 1 (AP-1) motif, which is implicated in estrogen receptor-mediated regulation of gene expression. This finding suggests a connection between HACE1 and the equol-producing phenotype, based on the structural similarity of equol to the potent estrogen estradiol (Setchell and Clerici 2010 as a review). In conclusion, our GWAS identified host genetic factors that involve HACE1 polymorphisms in the equolproducing phenotype.
Interactive effect of the rs6927608 genotype and the equol-producing phenotype on blood pressure
To determine whether the association between the HACE1 polymorphisms and interindividual differences in the equol-producing phenotype impacted other phenotypic outcomes, rs6927608 was analyzed with regard to whether the interaction between equol and SNPs had cumulative effects on clinical indices. A general linear model was applied to test the interaction, and the results are shown in Table 3 . Notably, there was a statistically significant effect of the equol 9 SNP interaction on systolic blood pressure (p value = 1.3 9 10 -4 )-more significant than with equol alone.
Based on the mean blood pressure in equol producers and nonproducers at each genotype, as shown in Fig. 2 , equol producers who were major allele homozygotes (AA) had lower systolic blood pressure than equol nonproducers, Fig. 2 Mean blood pressure of equol nonproducers (filled diamond) and equol producers (square) for major allele homozygotes (A/A), heterozygotes (A/C), and minor allele homozygotes (C/C) of rs6927608
Genes Nutr (2012) 7:567-574 571 but the presence of the minor allele (C) in equol producers progressively increased blood pressure (beta ± SE = 3.6 ± 1.1, p = 0.0015). However, the genotype effect on blood pressure in equol nonproducers was opposite to that of equol producers, demonstrating that the minor allele (C) in equol nonproducers is linked to decreased systolic blood pressure (beta ± SE = -3.5 ± 1.5, p = 0.017).
Discussion
The most pronounced effect of the equol-producing phenotype is its ability to lower blood pressure. Equol producers had significantly decreased blood pressure than nonproducers by t test and linear regression analysis, after controlling for area, age, and sex. The relationship between equol production and blood pressure was reported by Tormala et al. (2007) , who examined blood pressure in tibolone-treated postmenopausal women and concluded that equol producers had lower blood pressure compared with nonproducers. Additional reports have suggested that soy products reduce the risk of coronary artery disease (Clarkson 2002; Messina et al. 2002) . Our GWAS identified a candidate gene as a host genetic factor, HACE1, which encodes C-terminal homologous to E6-associating protein carboxyl terminus (HECTc) ubiquitin-protein ligase domain and ankyrin repeat-containing E3 ubiquitin-protein ligase 1. HACE1 lies on chromosome 6q21, and translocations in this region have been reported in Wilms' tumor (Bruce et al. 2003) . The human gene is expressed in many tissues, including heart, brain, placenta, kidney, and pancreas (Anglesio et al. 2004 )-predominantly in the endoplasmic reticulum membrane (Zhang et al. 2007 ). HACE1 is a tumor suppressor, and genetic inactivation of HACE1 in mice causes the development of spontaneous, late-onset cancer (Zhang et al. 2007) . In spite of these previous findings, however, no relationship between HACE1 function, equol phenotype, and blood pressure has been reported.
Our analysis revealed that the equol 9 HACE1 SNP (rs6927608) interaction correlated robustly with systolic blood pressure (SBP, p value = 1.3 9 10 -4 in Table 3) , showing a more significant association in the interactive model compared with the association between SBP and equol. Notably, rs6927608 was not associated with blood pressure by itself. Lowered blood pressure was observed only in homozygous carriers of the major allele of rs6927608. Although a GWAS has identified common variants that are reproducibly associated with blood pressure and the risk of stroke and ischemic heart disease, such variants explain merely 1 % of the variation in blood pressure (Levy et al. 2009 ), which indicates a multifactorial nature of the regulation of blood pressure and the etiology of related diseases. Our findings on the interactive (or cumulative) effects of a host's genetic and environmental factors on blood pressure reflect the complexity of the trait and increase our understanding of the mechanism by which blood pressure is regulated.
One possible mechanism of the association of HACE1 with equol-producing phenotype is its involvement in host immune responses. Notably, a GWAS from the Framingham Heart Study showed that HACE1 correlates with serum thyroid-stimulating hormone (TSH) concentrations (Hwang et al. 2007) . Further, HACE1 is upregulated in Figure 1) . Thus, we implicate HACE1 in intestinal immune responses, which might influence the regulation and maintenance of the microbial environment in the host gut.
The search for TFBS suggested that the equol-producing trait-associated HACE1 polymorphisms might have functional implication in the HACE1 expression. We noted that one such SNP, rs17065302C [ G, lay in a possible AP-1 binding site (TFBS homology to the consensus sequence: 93.5 %), with the major allele ''ATGACTCA'' (Carroll et al. 2006) . The replacement of cytosine with guanine in the minor allele of rs17065302 eliminates the AP-1 motif (ATGACTGA)-that is, carriers of the major allele who express the equol-producing phenotype harbor the AP-1 binding site in HACE1.
The AP-1 transcription factor family drives estrogen receptor (ER)-mediated gene transcription by binding to AP-1 response elements in target gene promoters in response to the binding of ER to its ligand, such as estradiol (Jakacka et al. 2001) . Equol has a similar structure to estradiol and has high affinity for ER, acting as its ligand (Setchell and Clerici 2010) . Based on these data, we speculate that HACE1 expression in individuals with the major allele (harboring AP-1 sites) is altered by the equol-ER complex that is bound to AP-1 sites. Considering the involvement of HACE1 in the immune system, as discussed above, equol-induced modulations in HACE1 expression might affect host intestinal immune responses, which might in turn render an intestinal environment favorable for maintaining equol-producing bacteria. Nevertheless, functional implication of HACE1 polymorphisms in determining phenotypic outcomes is unknown, and alternative models for the functions of other associated polymorphisms should be considered.
Our study demonstrates that equol production is linked to blood pressure and that HACE1 is a determinant of the equol-producing phenotype, supported by LC-MS/MSbased quantitative measurements of serum equol concentrations and our GWAS analysis. Although further studies should be performed to confirm the association in other populations and investigate the underlying mechanism, we propose that a host's genetic predisposition and physiological environment cumulatively influence disease-related phenotypic outcomes, such as blood pressure. Based on the complex interaction between a host and its physiological microbial environment, as indicated by recent meta-genomic data, an individual's genetic background is believed to influence the intestinal bacteria profile.
We believe that our findings provide significant insight into the functions of host factors that govern the capacity to harbor specific intestinal microenvironments, including daidzein-metabolizing bacteria, which in turn has implications in a host's health-related phenotypic outcomes. Further, these results should contribute to the development of well-designed clinical studies that will allow us to substantiate and better understand the effects of equol and isoflavone on health.
